Vasoconstrictor effects of norepinephrine (NE) and potassium chloride (K+) in the perfused central artery of the rabbit's ear and in perfused mesenteric arteries of cats were significantly inhibited by infusion with Krebs bicarbonate solution made hyperosmotic with mannitol (50-200 mosM increase). Similarly, the magnitude and duration of vasoconstrictor responses to transmural stimulation of the central ear artery of the rabbit were decreased by hyperosmotic mannitol (50 mosM). Mannitol (50 mosM) produced a decrease in perfusion pressure when perfusion pressure was maintained at an increased level by K+ (60 mM). Mannitol-induced vasodilatation was not affected by ethacrynic acid (1.5 x 10U5 M), beta adrenergic blockade or by the development of tachyphylaxis to the vasodilator effects of nitroglycerin. The concentration of cyclic adenosine-monophosphate was not changed by mannitol. Isotonic mannitol also inhibited NE-induced contractile responses. These data indicate that hyperosmotic mannitol produces vasodilatation in isolated arterial smooth muscle by a mechanism(s) that appears dissimilar from that of several other vasodilator substances and suggest that hypertonicity may not be the only factor involved in the vasodilator effect of mannitol.
hyperosmolarity; cyclic AMP; nitroglycerin; vasodilator mechanisms; sucrose; arterial smooth muscle IT IS GENERALLY ACCEPTED that increased metabolism in tissue is associated with increased regional blood flow (active or functional hyperemia). The adaptation of nutritional blood supply to metabolic demand of tissue is dependent on peripheral circulatory adjustments that are of local origin. Perhaps these local circulatory adjustments might result from leakage of metabolically linked vasoactive agents from the tissue into blood, thus inhibiting vascular tone and enhancing blood flow in relation to metabolic activity (10, 23) . Increased tissue osmolarity has been proposed as an important contributing factor to the regional vasodilatation seen in exercise hyperemia (8, 10, 24) , and it has been shown that the intra-arterial injection of hyperosmolar agents increases blood flow in the human forearm (18, 24) , and that the infusion of hyperosmolar agents also increases blood flow in various vascular beds in animals (7, 13). In addition to this possible physiologic role, a recent series of studies has provided evidence that intentional modification of blood osmolarity may have direct therapeutic application (13, (31) (32) (33) (34) (35) . Hypertonic mannitol has been shown to reduce the extent of myocardial injury, improve ventricular function, and increase total and regional myocardial blood flow in both anesthetized and awake unsedated dogs subjected to acute myocardial ischemia (32, 33) . In man, hypertonic mannitol is effective in increasing coronary blood flow, even in the presence of significant coronary artery disease (31,). Coronary blood flow changes produced by hypertonic mannito1 in experimental animals and in man seem to depend, at least partially, on the ability of mannitol to directly reduce coronary vascular resistance (13, (31) (32) (33) (34) . Efforts to better understand the mechanism by which hyperosmolarity produces its in vivo effects have resulted in considerable attention being devoted to characterizing the influence of hyperosmolarity on isolated veins (4, 14-16, 21, 24) , but, thus far, less attention has been directed to evaluating the influence of hyperosmolarity on isolated arterial muscle (2, 8) . Therefore, the purpose of the present study was to examine the influence of hyperosmolarity produced by mannitol on contractile responses to selected vasoactive interventions in isolated arterial smooth muscle preparations with the intent of providing a better understanding of mechanisms responsible for mannitol's vasodilator ability.
out disturbing the connections of the arterial branchresponse curve was obtained, the muscle preparation ings to the auricular cartilage. The size of the arterial was perfused with hyperosmotic mannitol (50 mosM) for branches at the point of fluid efflux was approximately 1 h and frequency-response curves were then obtained 0.1 mm or smaller. The arterial lumen was then gently again. flushed with warm Krebs-bicarbonate solution. This perfusion medium was aerated with 95% oxygen and 5% CO, at a pH of 7.4; it had a control osmolarity of approximately 304 mosM and contained (in mM): NaCl, 120; NaHCO,, 25; KCl, 5.6; MgS04, 1.2; K, HP04, 1.2; dextrose, 9, and CaCI,, 2.5. Ethylenediaminetetraacetic acid (EDTA; 3.3 x low5 M) was added to prevent oxidation of norepinephrine;
this is an amount of EDTA that is known not to affect the concentration of Ca++ in the perfusion solution. The arterial preparation was then placed on wire mesh, under moist conditions, and perfused by use of a Holter roller pump through the cannulated artery with the Krebs-bicarbonate solution maintained in a reservoir at 37OC. The preparation was tilted in such a manner that the perfusing fluid drained from the arterial branches to cover the extraluminal portion of the artery. Perfusion pressure was adjusted to 25-30 mmHg; flow rate was maintained constant with each experiment and varied from 2 to 3 ml/min in different preparations.
A Narco Bio-Systems recorder and pressure transducer were used to record perfusion pressure in millimeters
Hg by means of a T tube placed in the perfusion tubing proximal to the cannula. The arterial preparation was allowed to stabilize for l-l.5 h before beginning an experiment.
Drugs were injected into the perfusion fluid just proximal to the cannulated artery, or the desired concentration of a drug was added to the perfusion-fluid reservoir.
Vasodilator Responses to Various Agents
The arterial preparations used in this study do not exhibit spontaneous myogenic tone; however, arterial smooth muscle relaxant effects of drugs can be examined during the vasoconstriction produced by constant infusion of a vasostimulatory agent. In this study, a high-K+ (60 mM) Krebs-bicarbonate solution ("depolarizing Krebs solution") was prepared which was identical to the normal Krebs solution with the exception that the KC1 concentration was increased to 60 mM and the NaCl concentration was decreased accordingly to maintain isotonicity.
Constant perfusion of the arterial muscle preparation with the equimolar high-K+ solution produced an increase in the perfusion pressure of 125-175 mmHg which was maintained constant throughout the perfusion interval. It is important to recognize that the pressures in this preparation were higher than those encountered in vivo in the rabbit. The effects of perfusion with hyperosmotic mannitol (50 mosM) on K+-induced pressor responses were determined.
The effects of isoproterenol (4 x lo+ M), nitroglycerin (3.4 x lo+ M), theophylline (5 x 10s5 M), and propranolol(9 x lOA6 M, which blocked the vasodilator response to isoproterenol); ethacrynic acid (1.5 x low5 M, which blocked the vasodilator response to nitroglycerin and theophylline); and the development of tachyphylaxis to nitroglycerin by prolonged infusion of nitroglycerin (6.8 x 10e5 M) Vasopressor Responses to NE were examined during K+-induced vasoconstriction. The influence of these interventions on mannitol-inDose-response curves to NE were determined by indiduced vasodilatation was also examined. vidual bolus injections of increasing concentrations of NE (1 x 10e8 to 1 x low5 M); the volume of the bolus never exceeded 0.05 ml. Injections were made at 4-min Cat's Terminal Mesenteric Arteries intervals or when perfusion pressure returned to steadystate levels. Control dose-response curves were determined at 45 min intervals until two similar dose-response curves were obtained. The preparation was then exposed to a l-h infusion of any one dose of either hypertonic or isotonic mannitol or sucrose (50-100 mM increase) in Krebs-bicarbonate solution, and dose-response curves to NE were redetermined in the presence of hyper-or isosmotic medium.
Constant flow-rate-perfused terminal mesenteric arteries of the cat were used to examine the effects of hyperosmotic mannitol (50, 100, and 200 mosM) on contractile responses of peripheral resistance vessels. Terminal mesenteric arterial segments were prepared from the ileal mesentery of cats in a manner similar to a technique previously described in dogs (1). Individual intestinal segments of similar lengths (3-5 cm) were perfused through a small (OD, 1.0-1.5 mm) terminal mesenteric arterial branch cannulated with polyethylene tubing (PE-100) with Krebs-bicarbonate solution at 37°C and at a constant flow rate of 8-9 mllmin by use of a peristaltic pump. The mesenteric arterial branches were within four or five bifurcations from termination into th .e intestine, and the outside diame ters of the most distal portions were 1 .ess than 0. 1 mm. Th .e perfusion pressure was recorded as described above for the central artery of the rabbit's ear. After perfusion for several minutes, the intestine was removed leaving only the mesentery and associated blood vessels. Dose-response curves to NE were obtained by injecting NE into the
Vasoconstrictor Responses to Electrical Stimulation
In some experiments, bipolar pl atinum electrodes were placed alongside the ear artery, and the artery was electrically stimulated transmurally at supramaximal voltage of 50 V with square-wave impulses of 5 ms duration for 30-s intervals with a Grass S4 stim .ulator at various frequencies (l-50 Hz). In prelimin .ary control experiments, alpha-adrenergic blockade wi th phentolamine (10v7 M) reduced pressor responses to electrical stimulation by 80-90% indicating that vasoconstriction under these circumstances was due primarily to the release of endogenous norepinephrine and not to direct stimulation of the muscle. After a control frequencyrubber tubing proximal to the arterial cannula. Doseresponse curves to K+ were obtained by perfusing percen .t decrease in the perfusion presduring K+ (60 mM)-indu .ced vasopressor areas under the curves were calculated The statistical comparisons between two paired or unpaired groups were made utilizing the Student t test and results were considered significint when P < 0.05.
RESULTS

Solutions Utilized
Vasopressor Responses
All perfusion solutions were prepared with demineralized water, adjusted to pH 7.4, and constantly aerated with 5% CO,-95% 0,. In those experiments in which ethacrynic acid was used as an antagonist to nitroglycerin the Krebs-bicarbonate solution was modified by substituting 12 mM of Trizma base for equivalent amounts of NaHCO, and the pH was adjusted to 7.3 by the addition of 0.1 N HCl as described earlier (25). The hypertonic media was prepared separately by adding appropriate amounts of mannitol or sucrose to the solutes of the Krebs bicarbonate media prior to the addition of enough distilled water to yield one liter of solution. In this manner final concentrations of ions in the hypertonic media were the same as in the control solution. Final osmolarity of the solutions was determined by a Precision Osmette system using the freezing-pointdepression method (range of error t 3 mosM). Perfusion periods of 1 h with hyperosmolar solutions were used in order to obtain steady-state responses.
Return toward control values after the removal of the hyperosmolar solution generally occurred within 15-20 min after return to the normal control solution.
Influence of mannitol and sucrose on K+-and NEinduced vasoconstriction.
Perfusion with any one concentration of hyperosmotic mannitol or sucrose (50 and 100 mosM) for 1 h significantly shifted the NE doseresponse curve to the right (P < 0.05 and P < 0.001 for 50 and 100 mosM, respectively) and decreased maximum responses to NE in the perfused central artery of rabbit ears ( Figs. 1-3 50 Hz) to the right with inhibition of the maximum vasoconstrictor response by 27% (Fig. 6 ). In addition, the area under the curve at 50 Hz was depressed by 60% (Fig. 6) . The inhibitory effect of mannitol was reversed by reperfusion of the preparation with control Krebsbicarbonate solution (Fig. 6) .
Influence of isosmotic mannitol and sucrose (100 mosM). Isosmotic Krebs-bicarbonate solution with either mannitol or sucrose added (100 mosM replaced for 50 mM of NaCl) tended to inhibit the NE dose-response curves in central ear arteries by shifting them to the right. Although the decrease in the dose-response curves was not statistically significant (P > 0.05), maximum responses to NE were significantly inhibited by 5 5 + 1 and 23 + 4% for sucrose and mannitol, P c 0.05 --and 0.01, respectively (Fig. 7 and isosmotic solutions with mannitol or sucrose was 300 t 3 mosM (n = 8) and 300 t 3 (n = 8), respectively. Preliminary control experiments were performed to insure that reduction of the NaCl concentration alone did not depress vascular responsiveness to norepinephrine. Although perfusion pressure slightly increased during perfusion with the reduced NaCl solution, the arterial preparations responded similarly to norepinephrine in the control and in the decreased NaCl hypoosmotic me-. dia
Influence of mannitol on maintained K+-induced vasopressor responses and cyclic AMP concentration of central artery of rabbit's ear. Perfusion of hyperosmotic mannitol (50 mosM) consistently produced a decrease in perfusion pressure of the central artery of the rabbit ear during perfusion with high K+, indicating vasodilatation (Fig. 8) . The maximum vasodilator effect of mannito1 occurred within 5 to 10 min after beginning the infusion. Although perfusion with mannitol continued, perfusion pressure gradually returned to the control K+ value and attained a steady state. Hyperosmotic mannitol-induced vasodilation in the rabbit-ear artery tended to slightly increase cyclic 3',5'-AMP content, but the increase was not of statistical significance (1.2 t 0.11 SE for control (n = lo), and 1.5 t 0.26 pmol/mg protein (P < 0.1) for mannitol-treated arteries (n = 10)).
ETHACRYNIC ACID.
In six additional rabbit-ear experiments, hyperosmotic mannitol (50 mosM)-induced vasodilation was found to be unaffected by a concentration of ethacrynic acid (1.5 x low5 M) that prevented the vasodilator effects of nitroglycerin (Figs. 8B and 9 , B and C). The results of the present studies indicate that there is an inhibition of contractile responses of isolated arterial preparations to norepinephrine, potassium, and transmural electrical stimulation after exposure to hyperosmotic mannitol. In the central artery of rabbit ears and in terminal mesenteric arteries of cats, hyperosmolarity produced by mannitol consistently inhibited vasopressor responses produced by norepinephrine or high K+. Dose-response curves of these agents were shifted to the right by mannitol(50-200 mosM increase) and maximum vasopressor responses to both agents were inhibited. Vasopressor responses to transmural stimula- (21), support the concept that inotropic effects of extracellular hypertonicity may be independent of the transmembrane potential (21). However, these results do not preclude the possibility that cell-tocell conduction of excitation is impaired in hyperosmotic media resulting in altered synchrony of contraction (5). Other factors that might be involved in the effects of extracellular hypertonicity on vascular muscle include 1) interruption or interference with "binding sites" for agonists on the vascular smooth muscle membrane, 2) alteration of extracellular or possibly intracellular calcium transport mechanisms, 3) alteration of cell size resulting in relative changes in intracellular ion concentrations, 4) passive reduction in endothelial cell size or smooth muscle dehydration leading to an increase in luminal diameter, and/or 5) decreased actomyosin ATPase activity as a consequence of cellular dehydration (13) (14) (15) (16) (17) 22) . The results of the experiments performed with isotonic mannitol indicate that this agent, which is a polyhydroxy alcohol), may also exert an inhibitory effect on vascular smooth muscle that is independent of hypertonic influence. Thus, hyperosmolarity itself may not be the only factor involved in mannitol's vasodilator effect in isolated arterial smooth muscle. Additional studies will be necessary to further define the mecha-
